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Tellurium  (Te)-modified  carbon  catalyst  for  oxygen  reduction  reaction  was  prepared  through  chemical 
reduction  of  telluric  acid  followed  by  the  pyrolysis  process  at  elevated  temperatures.  The  catalyst  was 
found  to  be  active  for  oxygen  reduction  reaction.  High-temperature  pyrolysis  plays  a  crucial  role  in  the 
formation  of  the  active  sites  of  the  catalysts.  When  the  pyrolysis  was  conducted  at  1000  °C,  the  catalyst 
exhibited  the  onset  potential  for  oxygen  reduction  as  high  as  0.78  V  vs.  NHE  and  generated  less  than  1% 
H202  during  oxygen  reduction.  The  performance  of  the  membrane-electrode  assembly  prepared  with  the 
Te-modified  carbon  catalyst  was  also  evaluated. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Platinum  and  its  alloys  supported  on  porous  carbons  are  the 
most  commonly  used  cathode  electrocatalysts  for  polymer  elec¬ 
trolyte  membrane  (PEM)  fuel  cells,  since  they  show  the  lowest 
overpotential  and  the  highest  stability  among  the  metal  catalysts. 
However,  Pt  is  an  expensive  noble  metal  with  low  abundance,  and 
it  is  thus  of  great  interest  to  find  low-cost  alternatives  for  PEM  fuel 
cells  [1-3].  In  this  respect,  much  attention  has  been  paid  to  transi¬ 
tion  metal  chalcogenide  compounds,  e.g.,  Ru-based  chalcogenides 
such  as  Mo4Ru2X8  and  RuXy  (X  =  S,  Se  and  Te),  since  they  exhibit 
a  significant  catalytic  activity  for  oxygen  reduction  in  acidic  media 
[4-16]. 

Chalcogen  elements  such  as  S,  Se  and  Te  in  the  transition 
metal  chalcogenide  compounds  are  known  to  have  the  positive 
effect  on  the  performance  (activity,  selectivity  and  stability)  of 
catalysts  for  oxygen  reduction.  In  the  case  of  amorphous  RuXy 
catalysts,  the  chalcogen  elements  facilitate  the  catalytic  oxygen 
reduction  by  serving  as  a  bridge  to  transfer  electrons  between 
the  Ru/carbido/carbonyl  complex  and  the  colloidal  Ru  nanoparti¬ 
cle  [16].  Also,  the  surface  modification  of  the  Ru-based  catalyst  by 
the  chalcogen  elements  increases  the  resistance  to  electrochemical 
oxidation  of  interfacial  Ru  atoms  [8].  For  instance,  Se  in  the  RuSey 
cluster  occupies  electro-crystallization  sites  for  Ru  oxide  formation, 
thereby  increasing  the  oxidation  resistance.  Se  atoms  change  the 
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electronic  nature  of  the  cluster  in  such  a  way  that  favorable  elec¬ 
tronic  states  for  oxygen  reduction  are  formed  between  Se  4p  and 
Ru  4d  orbitals  in  the  molecular  cluster  [9]. 

Carbon  has  a  long  history  as  a  support  in  the  heterogeneous 
catalysis  [17].  Recent  experimental  studies  [18-24]  have  demon¬ 
strated  that  some  nitrogen-doped  carbon  particles  show  catalytic 
activities  towards  NO*  oxidation/reduction  and  02  reduction.  These 
properties  have  been  attributed  to  electronic  or  structural  changes 
caused  by  the  nitrogen  incorporation  into  the  graphite  layers.  At 
the  University  of  South  Carolina,  highly  active  and  stable  metal-free 
carbon  catalysts  have  been  developed  for  PEM  fuel  cells  [25].  They 
were  synthesized  through  surface  modification  of  porous  carbon 
blacks  with  different  functional  groups  such  as  oxygen  and  nitro¬ 
gen,  followed  by  pyrolysis  and  chemical  activation  processes.  The 
introduction  of  surface  functional  groups  decreases  the  activation 
overpotential  for  oxygen  reduction  by  ca.  500  mV  and  the  amount 
of  H202  to  a  level  less  than  3%,  in  comparison  to  the  as-received  car¬ 
bon  black.  Given  the  positive  effect  of  the  chalcogen  elements  on  the 
oxygen  reduction  activities  of  the  metal  catalysts,  it  would  be  inter¬ 
esting  to  synthesize  carbon-based  catalysts  modified  by  chalcogen 
elements  and  to  study  their  electrocatalytic  properties  for  oxygen 
reduction. 

This  paper  reports  a  method  to  synthesize  a  tellurium-modified 
carbon  catalyst  through  a  chemical  reduction  of  telluric  acid  fol¬ 
lowed  by  the  pyrolysis  at  elevated  temperatures.  The  catalysts  were 
subjected  to  extensive  materials  characterization  studies  includ¬ 
ing  X-ray  diffractometry  (XRD),  transmission  electron  microscopy 
(TEM),  and  X-ray  photoelectron  spectroscopy  (XPS).  The  electro- 
catalytic  properties  for  oxygen  reduction  were  evaluated  using  a 
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rotating  ring-disk  electrode  (RRDE)  in  an  acidic  solution  and  a  PEM 
fuel  cell. 

2.  Experimental 

2.1.  Catalyst  preparation 

A  desired  amount  of  telluric  acid  (H2Te04H20,  99.99%,  Alfa 
Aesar)  was  dissolved  in  deionized  water,  followed  by  the  addition 
of  the  carbon  black  (Ketjen  Black  EC  300J)  under  stirring  conditions. 
A  reducing  agent,  hydrazine  monohydrate  (N2H4H20,  Aldrich)  was 
added  into  the  solution.  The  reaction  mixture  was  refluxed  at  85  °C 
for  1 2  h  and  then  dried  in  a  rotary  evaporator  at  90 0  C  under  vacuum. 
The  dried  powder  sample  was  heat-treated  (pyrolized)  at  various 
temperatures  ranging  from  200  to  1100  °C  in  an  argon  atmosphere 
for  1  h. 


achieved.  The  weight  ratio  of  Te/C  to  Nation  is  3:2.  A  commercially 
available  catalyzed  GDL  (LT140EW  Low  Temperature  ELAT®  GDE 
Microporous  Layer,  E-TEK)  was  used  as  the  anode  for  all  fuel  cell 
tests.  The  anode  catalyst  was  30wt.%  Pt/C  and  the  Pt  loading  was 
0.5  mg  cm-2.  A  thin  layer  of  Nation  (0.4  mg  cm-2)  was  coated  on 
both  the  cathode  and  anode  surfaces.  The  Nation-coated  anode  and 
cathode  were  hot-pressed  to  a  Nation  112  membrane  at  140  °C  and 
at  15  atm  for  3  min.  The  geometric  area  of  the  MEA  used  was  5  cm2. 

The  fuel  cell  tests  were  carried  out  in  a  single  cell  with  ser¬ 
pentine  flow  channels.  Pure  H2  gas  humidified  at  77  °C  and  pure 
02  gas  humidified  at  75  °C  were  supplied  to  the  anode  and  cath¬ 
ode  compartments,  respectively,  with  a  flow  rate  of  150  cm3  min-1 . 
Polarization  experiments  were  conducted  using  a  fully  automated 
test  station  (Fuel  Cell  Technologies  Inc.)  at  75  °C. 

3.  Results  and  discussion 


2.2.  Materials  characterizations 

In  order  to  identify  the  crystal  structures  of  the  catalysts,  XRD 
patterns  were  recorded  with  an  automated  Rigaku  diffractometer 
using  Cu  Ka  radiation  over  the  scanning  angle  range  of  20-50°  at 
the  scan  rate  of  2°  min-1.  TEM  was  performed  using  a  JEOL  2100F 
TEM  system.  The  chemical  analysis  of  the  catalyst  surface  was  per¬ 
formed  by  XPS.  Measurements  were  carried  out  with  a  Kratos  AXIS 
165  high-performance  electron  spectrometer  using  a  monochro¬ 
matic  Al  Ka  radiation.  Low- resolution  survey  scans  were  conducted 
with  a  step  size  of  0.5  eV  and  a  dwell  time  of  100  ms.  Next,  high- 
resolution  scans  were  acquired  in  Te  3d5/2  using  a  0.1  eV  step  size 
and  a  300  ms  dwell  time. 

2.3.  Rotating  ring-disk  electrode  (RRDE)  measurements 


Fig.  1  shows  the  powder  XRD  patterns  of  the  Te-modified  carbon 
catalysts  pyrolized  at  various  temperatures.  The  XRD  pattern  of  the 
as-refluxed  (un-pyrolized)  catalyst  clearly  exhibits  the  diffraction 
peaks  for  pure  Te  crystalline  particles  as  indicated  in  the  figure.  This 
confirms  the  reductive  precipitation  of  Te  particles  onto  the  car¬ 
bon  support  from  H2Te04  with  the  use  of  hydrazine  (N2H4  H20). 
As  the  pyrolysis  temperature  increases  up  to  400  °C,  the  diffrac¬ 
tion  peaks  for  Te  particles  become  sharper,  indicating  the  growth 
of  Te  particles.  Upon  the  pyrolysis  at  600 °C  and  beyond,  how¬ 
ever,  the  Te  diffraction  peaks  are  no  longer  observed  and  only  a 
broad  diffraction  peak  from  the  carbon  support  is  observed  at  ca. 
24.5°. 

Fig.  2  displays  the  TEM  images  of  the  un-pyrolized  Te-modified 
carbon  catalyst  and  the  catalyst  pyrolized  at  1000  °C.  No  Te  particles 


Electrochemical  characterizations  were  performed  in  a  single¬ 
compartment,  three-electrode  cell  using  a  bipotentiostat  (Pine 
Instruments).  An  RRDE  with  a  Pt  ring  (5.52  mm  inner-diameter  and 
7.16  mm  outer-diameter)  and  glassy  carbon  disk  (5.0  mm  diameter) 
was  used  as  the  working  electrode.  The  catalyst  ink  was  prepared 
by  blending  the  catalyst  powder  (24  mg)  with  isopropyl  alcohol 
(3  mL)  in  an  ultrasonic  bath.  15  p,L  of  the  catalyst  ink  was  deposited 
onto  the  glassy  carbon  disk.  After  drying,  5  p,L  of  Nation  solution 
(0.25  wt.%  Nation)  was  added  on  top  of  the  catalyst  layer  to  ensure 
better  adhesion  of  the  catalyst  on  the  glassy  carbon  substrate. 
A  platinum  mesh  and  an  Hg/Hg2S04  electrode  were  used  as  the 
counter  and  reference  electrodes,  respectively.  0.5  M  H2S04  solu¬ 
tion  was  used  as  the  electrolyte.  All  potentials  in  this  work  were 
referred  to  a  normal  hydrogen  electrode  (NHE). 

Initially,  the  solution  was  purged  with  nitrogen  and  cyclic 
voltammograms  (CVs)  were  recorded  by  scanning  the  disk  potential 
from  1.04  to  0.04  V  vs.  NHE  at  a  scan  rate  of  5  mV  s-1 .  CVs  recorded  at 
5  mV  s-1  in  nitrogen  was  used  to  obtain  the  background  capacitive 
currents.  Next,  the  electrolyte  was  purged  with  oxygen  for  15  min. 
The  linear  sweep  voltammograms  were  recorded  at  different  rota¬ 
tion  speeds  of  the  RRDE.  The  oxygen  reduction  current  was  taken 
as  the  difference  between  currents  measured  in  the  nitrogen-  and 
oxygen- saturated  electrolytes.  The  ring  potential  was  maintained 
at  1.2  V  vs.  NHE  to  oxidize  H202  produced  during  oxygen  reduction. 

2.4.  PEM  fuel  cell  testing 

The  cathode  catalyst  ink  was  prepared  by  ultrasonically  blend¬ 
ing  0.2  g  of  Te/C  catalyst  powder  with  Nation  solution  (5  wt.%)  and 
isopropyl  alcohol  for  4  h.  The  catalysts  ink  was  then  sprayed  onto 
a  gas  diffusion  layer  (GDL)  (ELAT  LT  1400  W,  E-TEK).  The  process 
was  repeated  until  a  total  catalyst  loading  of  6  mg  cm-2  have  been 
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Fig.  1.  Powder  XRD  patterns  of  the  Te-modified  carbon  catalysts  pyrolyzed  at  various 
temperatures. 
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Fig.  2.  TEM  images  of  Te-modified  carbon  catalysts:  (a)  un-pyrolyzed  and  (b) 
pyrolyzed  at  1000  °C. 


or  agglomerates  are  present  on  the  catalyst  pyrolized  at  1000  °C, 
while  nano-sized  Te  particles  with  the  particle  sizes  of  2-4  nm  are 
observed  from  the  un-pyrolized  catalyst. 

Fig.  3  shows  the  linear  sweep  voltammograms  measured  for 
the  un-pyrolized  catalyst  and  the  catalyst  pyrolized  at  1000 °C. 
The  measurements  were  performed  using  a  potential  scan  rate 
of  50mVs-1  in  0.5  M  H2S04  solution  deaerated  by  purging  with 
N2.  The  voltammogram  for  the  un-pyrolized  catalyst  exhibits  the 
anodic  peaks  at  0.70-0.80  V  vs.  NHE,  which  is  attributed  to  the 
dissolution  of  Te  from  the  carbon  support.  This  result  is  in  good 
agreement  with  that  of  Gomez  et  al.  [26]  who  reported  the  oxidative 
dissolution  of  Te  from  the  Au  electrode  substrate  in  H2S04  solution. 
On  the  other  hand,  the  voltammogram  for  the  pyrolized  catalyst 
shows  only  double-layer  charging  currents  without  any  dissolution 
peak  ofTe. 

Fig.  4(a)  plots  the  surface  concentration  of  Te  on  the  catalyst 
as  a  function  of  the  pyrolysis  temperature,  determined  by  XPS.  The 
un-pyrolized  catalyst  contains  1 2.3  wt.%  Te,  but  increasing  pyrolysis 
temperature  from  400  to  600  °C  causes  a  significant  loss  of  Te  from 
9.8  to  5.0  wt.%.  Fig.  4(b)  presents  the  XPS  spectra  ofTe  3d5/2  region 
for  the  Te-modified  carbon  catalysts  pyrolized  at  different  temper- 


Fig.  3.  Linear  sweep  voltammograms  measured  for  the  un-pyrolyzed  Te-modified 
carbon  catalyst  and  the  catalyst  pyrolyzed  at  1000  °C.  The  measurements  were  per¬ 
formed  in  0.5  M  H2SO4  solution  saturated  with  nitrogen  at  the  potential  scan  rate 
of  50mVs_1. 


atures.  For  the  un-pyrolized  catalysts,  the  XPS  spectrum  shows  two 
peaks  at  573.0  and  576.2  eV  that  correspond  to  the  elemental  tel¬ 
lurium  (Te°)  and  oxidized  tellurium  (i.e.,  Te02),  respectively  [27]. 
On  the  other  hand,  a  single  peak  is  observed  at  ca.  574.1  eV  when  the 
catalysts  are  pyrolized  at  600-1100  °C.  It  is  unlikely  that  this  peak 
is  attributed  to  the  oxidized  tellurium  species  since  the  peak  posi¬ 
tion  deviates  significantly  from  those  of  the  commonly  observed 
tellurium  oxides  (i.e.,  575.5-576.9  eV)  [27,28].  The  peak  is  believed 
to  be  due  to  the  chemical  bonds  ofTe  with  the  carbon  that  is  more 
electronegative  than  Te. 

Given  that  the  melting  point  of  pure  Te  is  449.5  °C,  solid  Te  par¬ 
ticles  precipitated  on  the  carbon  support  would  be  transformed  to 
liquid  phase  and/or  evaporated  during  pyrolysis  at  the  tempera¬ 
tures  above  450  °C,  leading  to  a  loss  ofTe  species.  The  XRD  and  XPS 
results  indicate  that  during  high-temperature  pyrolysis  (>450  °C), 
part  of  Te  species  may  be  re-adsorbed  onto  and  dispersed  uni¬ 
formly  over  the  carbon  support,  and  subsequently  a  physisorbed  Te 
species  is  transformed  into  a  chemisorbed  one  (i.e.,  Te-C  species) 
[29]. 

Fig.  5(a)  presents  the  polarization  curves  for  oxygen  reduc¬ 
tion  on  the  Te-modified  carbon  catalysts  pyrolized  at  different 
temperatures.  The  measurements  were  conducted  using  a  poten¬ 
tial  scan  rate  of  5mVs-1  and  a  rotation  rate  of  900  rpm  in  0.5  M 
IT2S04  solution  saturated  with  02.  As  shown  in  Fig.  5(a),  the 
un-pyrolized  catalyst  does  not  exhibit  any  significant  activity 
toward  oxygen  reduction,  indicating  no  formation  of  the  active 
sites.  The  catalytic  activity  continues  to  increase  with  increas¬ 
ing  pyrolysis  temperature,  then  reaches  a  maximum  value  at 
1000  °C,  and  slightly  decreases  with  further  increasing  tempera¬ 
ture.  The  polarization  curve  for  the  Te-modified  carbon  catalyst 
pyrolized  at  1000  °C  shows  an  onset  potential  as  high  as  0.78  V 
vs.  NFIE  and  a  well-defined  diffusion  limiting  current  below  0.4  V 
vs.  NHE.  Consequently,  the  physical,  chemical,  and  electrochem¬ 
ical  characterization  studies  indicate  that  Te-modified  carbon  is 
active  for  oxygen  reduction  reaction  and  high-temperature  pyrol¬ 
ysis  plays  a  critical  role  in  the  formation  of  the  active  Te-C 
sites. 
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Fig.  4.  (a)  Surface  concentration  of  Te  on  the  Te-modified  carbon  catalysts  as  a  func¬ 
tion  of  the  pyrolysis  temperature  and  (b)  XPS  spectra  of  Te  3d5/2  region  for  the 
catalysts  pyrolyzed  at  different  temperatures. 


The  Koutecky-Levich  equation  was  used  to  calculate  the  kinet- 
ically  limited  current  Jk  [30]: 

1  _  1  1  1  _  1  1 

!<i  k  h  T{  nFAkCo2  0.62nE4D^3®V2v-V6Co2 

+  nFACfDf  ^ 

where  /d  is  the  measured  disk  current,  I\  the  diffusion  limited  cur¬ 
rent,  If  the  Nation  film  diffusion  limited  current,  n  the  number  of 
electron  exchanged  in  the  electrochemical  reaction,  F  the  Faraday 
constant,  A  the  geometric  surface  area  of  electrode,  Co2  the  bulk 
concentration  of  oxygen,  Dq2  the  diffusion  coefficient  of  oxygen 
in  the  bulk  solution,  oo  the  rotation  rate  in  rpm,  v  the  kinematic 


Fig.  5.  (a)  Polarization  curves  for  oxygen  reduction  on  the  Te-modified  carbon  cata¬ 
lysts  pyrolyzed  at  various  temperatures  and  (b)  Koutecky-Levich  plots  at  0.60, 0.55, 
and  0.50  V  (vs.  NHE)  on  the  catalyst  pyrolyzed  at  1000  °C.  The  dashed  line  in  (b) 
is  the  theoretical  data  calculated  for  four-electron  reduction  of  oxygen.  The  RRDE 
measurements  were  performed  in  0.5  M  H2S04  solution  saturated  with  oxygen  at 
the  potential  scan  rate  of  5  mV  s_1 . 


viscosity  of  the  solution,  L  the  Nation  film  thickness,  Cf  the  reac¬ 
tant  concentration  in  the  Nation  film  and  Df  means  the  diffusion 
coefficient  of  oxygen  in  the  Nation  film.  Since  the  Nation  film  thick¬ 
ness  was  reduced  to  the  extent  that  If  becomes  significantly  larger 
than  Jk  and  Ih  the  influence  of  If  on  the  measured  current  in  our 
experiments  was  negligible. 

The  Koutecky-Levich  plots  obtained  at  the  potential  range 
between  0.5  and  0.6  V  vs.  NHE  are  presented  in  Fig.  5(b)  for  the 
catalyst  pyrolized  at  1000  °C.  A  linear  relationship  between  Jd_1 
and  cp-1/2  is  observed  and  the  slope  remains  nearly  constant, 
regardless  of  the  potential,  which  indicates  that  the  electrochem¬ 
ical  reaction  follows  first-order  kinetics  [5,31,32].  The  dashed  line 
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Table  1 

Kinetically  limited  currents  Jk  and  the  amounts  of  H2O2  produced  at  0.6  V  vs.  NHE 
during  oxygen  reduction  on  the  Te-modified  carbon  catalysts  pyrolized  at  different 
temperatures 


in  Fig.  5(b)  represents  the  theoretical  data  calculated  from  Eq.  (1) 
by  taking  the  following  values:  Jk  =  o o,  Dq2  =  1.7  x  10-5cm2s_1, 
v  =  0.01  cm2  S-1 ,  Co2  =  1 .3  x  10-6  mol  cm-3  and  n  =  4.0  (i.e.,  four- 
electron  transfer).  The  experimental  Koutecky-Levich  plots  exhibit 
the  almost  same  slope  to  that  of  the  theoretical  plot,  which  confirms 
that  oxygen  reduction  on  the  Te-modified  carbon  catalyst  proceeds 
via  the  four-electron  transfer  pathway  in  acidic  environment. 

Table  1  summarizes  the  kinetically  limited  current  Jk  and  the 
amount  of  H202  produced  during  oxygen  reduction,  respectively, 
as  a  function  of  the  pyrolysis  temperature.  The  value  of  Ik  was  deter¬ 
mined  from  they-intercept  of  the  Jd_1  vs.  cu-1/2  plot  in  Fig.  5(b),  and 
%  H202  was  estimated  using  the  following  equation  [30]: 


%H202  = 


200  Ir/N 
/d  +  fr/N 


(2) 


where  Jr  is  the  ring  current,  and  N  represents  the  collection  effi¬ 
ciency.  Here,  the  value  of  N  was  taken  as  0.39.  The  measurements 
were  conducted  at  0.6  V  vs.  NHE.  As  the  pyrolysis  temperature 
increases  from  600  to  1000  °C,  the  /k  value  increases  from  0.02 
to  0.37  mA,  and  at  the  same  time  the  amount  of  H202  produced 
during  oxygen  reduction  drops  from  11.6%  to  0.6%.  The  pyrolysis  at 
1100  °C  results  in  a  slight  decrease  of  the  catalytic  activity  and  selec¬ 
tivity  due  to  very  low  concentration  of  Te-C  sites  as  indicated  in 
Fig.  4(a).  It  is  generally  known  that  a  carboneous  material  catalyzes 
oxygen  reduction  to  H202  via  two-electron  pathway;  however, 
the  carbon  modification  through  Te  deposition  from  H2Te04  fol¬ 
lowed  by  pyrolysis  facilitates  four-electron  oxygen  reduction  to 
water. 

Fig.  6  shows  the  polarization  curves  of  the  PEM  fuel  cells  with 
the  Te-modified  carbon  catalyst.  The  catalyst  was  prepared  by 
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Fig.  6.  Polarization  curves  of  the  PEM  fuel  cells  with  the  Te-modified  carbon  catalyst 
pyrolyzed  at  1000  °C  in  the  absence  and  presence  of  H2/O2  back  pressure.  Anode 
catalyst  loading:  0.5  mg  Pt  cm-2;  cathode  catalyst  loading:  6.0  mg  cm-2 ;  H2  and  O2 
flow  rates:  150  cm3  min-1 . 


pyrolysis  at  1000  °C.  The  cathode  catalyst  loading  in  the  MEA  was 
6  mg  cm-2  and  the  fuel  cell  testing  was  performed  at  75  °C  using 
H2  and  02.  The  open  circuit  potential  of  the  MEA  was  measured 
to  be  approximately  0.76  V.  When  the  fuel  cell  was  operated  at 
ambient  pressure,  the  current  density  is  ca.  0.89  A  cm-2  at  0.2  V 
and  the  maximum  power  density  is  approximately  0.19  W cm-2. 
When  the  fuel  cell  was  operated  at  the  back  pressures  of  30psi 
for  both  anode  and  cathode,  the  current  density  is  approximately 
1.26  A  cm-2  at  0.2  V  and  the  maximum  power  density  is  approxi¬ 
mately  0.27  W  cm-2. 

4.  Conclusions 

Te-modified  carbon  catalysts  for  oxygen  reduction  were  syn¬ 
thesized  by  chemical  reduction  of  telluric  acid  followed  by  the 
pyrolysis  process  at  elevated  temperatures.  The  XPS  and  RRDE  stud¬ 
ies  indicated  that  high-temperature  pyrolysis  has  a  crucial  role  in 
the  formation  of  the  active  sites  of  catalysts  for  oxygen  reduction. 
The  catalyst  pyrolized  at  1000  °C  exhibited  the  onset  potential  for 
oxygen  reduction  as  high  as  0.78  V  vs.  NHE  and  generated  less  than 
1%  H202  during  oxygen  reduction.  The  PEM  fuel  cell  showed  the 
current  density  of  ca.  1.26  A  cm-2  at  0.2  V  and  the  maximum  power 
density  of  ca.  0.27  W  cm-2  when  it  was  run  with  the  back  pressures 
of  30  psi  for  both  anode  and  cathode. 
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